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PREFACE

In these lectures I will deal with what for short may be termed the
quantum theory of valence -- the theory of the electronic structure of molecules
in normal states, in excited states, and in course of reaction,

In these lectures I will try to deal frankly with this field as it is
today -~ a hodzepodge of gcod theories and bad, new theories and old, wvr.li-
founded ideas and false notions -- a mixture of precise theorizing and ~i'ne
empiricism -- a stamping ground for mathematical physicists and experm-r .al
chemists alike, (Concerning this last, just ask the fellow sitting nest tou
you in this room what his background is})

In these lectures I will deal in the main with work recently done at
Carnegle Institute cf Technology, but I aiso will try to develop a view of “he
overall picture,

I will give mary references to the recent literaturs. I have not
mide an exhaustive litera.ure search, however, ani so I may have misccd inizor-
tant papers,

§l. THE NATURE OF THE PRoZLTM 22

We are interested in molecules in a cour:e of reaction, yes, but
right away let us restrict ourseives to the Scascrinser 2-oation for the sta-
tionary state of a malecuie:

il =2 T, (1.1)

This we do because before wa can understand reactions we must uricerstand mole-
cules in iselation.

For a given molecule (that is, for a given H) the prcblem of solving

1.1 is equivalent to the problem of finding well-bshaved independent functions
') which minimize the expression

E o Gl TP B 4y

. = ./l\ ¢ ;

This variational theorem is fundamental; we gqucte it witheut proof.

dr . (1.2)

In these equatiors H is the quantum-mechanical Hamiltonian cperator
for the molecule (seo below), E oi' E is the enersy of the molecule, and -7 is
the wave funciisn for the rolecuie, Wnen 1. 1s satisfied ar 1,2 is minimized
. 1s an eigenfuncrion and I cr E is an eigercre-vy for the molecule; these E
are the ground and excited rnergies of the mo.ecu’se known to the molecular
spectroscopist,

Of course we are interested in many many properties of a molecule
other than the energy. But as Boys has emprasized,3 getiing the value af a
property is trivially easy compared with obtiining an eigenfunction -- that is
the fundamental problem with which we are faced,
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.he wave functions -7 depend on both electronic and nuclear coordi=-
nates. Born and Oppenheimer have shown that due to the smallness of the ratio
of the mass of an electron to the mass of anZ nucleus, however, to a good approx-
imation one may proceced in a simplified way, To determine the total energy E
for a given fixed configuration of the nuclei, one merely can add to the poten-
tial energy of nuclear repulsion,

Von ™ % &g((ZGZBeZ/ruB), (1.3)

an electronic energy E,) determined by solution of an electronic Schrodinger
equation,

ﬂe]_ -"I'el = Eel ’)-;-el’ (1.4)

or the corresponding variational equivalent; thus:
E=Eg * Ve (1,5)

Here H,, contains the kinetic energy of the electrens, their potential energy
of attraction for the nuclei, and their potential energy of mitual repulsion:

1 'n
H 1 2 X ) = <:n :- Gn L 2 - 2 ?.l 2 - [ ] 06
-61( 3% ’n) S/-l I(J) ’_{:"‘l .--a(za e /ra')) +2 *:,f"l (e /r)r)) (1 )

The nuclear motions themselves can be taken care of by a later calculation in
which E enters as a potential energy term; the total wave function thus is of
the factorized form

——

£ Uel Ynuel (1.7)

where TI uc] depends on miclear coordinates alone, The functions izel can be

determined for eachnuclear configuration by solution of the variational equiva-
lent of 1.4,

Our problem, in these terms, is to find, for given ruclear configura-
tiens (hence given V_ ), electronic wave functions ‘T el which minimize the
expression

- - ¢ - - - .

Egy = j el Hgy Yo 97 /J Tel ‘Ler 47 (1.8)
Since H_y can be written down at inspection for any mclecule, the problem thus
stated 1s a purely mathematical cne, \

Sciution usually is carried out iteratively: one takes a | in some
assuned parametric form, as for example as a serias of given starting functions
with unknown coefficients, and one determines values of parameters (coefficients)
which minimize the expression 1.8, If enough such variation is carried out, the
exact wave function will be obtained, The besic problem of modern valence theory
simply is the problem of developing the machinery for carrying out this procedure
for molecules of interest:(a) to find suitabie starting variation functions, (b)
to evaluate basic integrals involving these starting functions, and (¢) to carry
out the minimization procedure itself, Cf these three aspecte of the problem,
tne first perhaps is the most subtle, the sacond certainly is the most difficult,
and the third has besn most aleviated by the availability ecf high-speed elec-

tronic computing equipment,
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To indicate mére concretely the nature of this problem, we may review
briefly the situation ad begards the simplest atoms, H and H-like atoms, and He,

For H or an H-like atom of muclear charge Z, there is no problem (as
you all know) =- exact solution is possible. How about He? This problem has
been solved essentially exactly by Hylleraas and others,5-7 by using variation
functions explicitly containing the interelectronic distance rya. This seems at
first very well and gtod, but there is one trouble: the method has not been
found extensible to more complex systems,

What can we do? We can try to construct wave functions for He in some
other way, that is extensible. For example, we may try to use one-electron
functions. The most natural set is just the H-like set of orbitals, or more

simply, the Slater orbitals,

(1,8 = (20)" (@) I en(-0 Y (0,4) (1.9)

'We abbreviate (ls) = (1,0,0), etc,

For the two-electron case of He we can forget about electron spin and
try two-electron symmetrical products of one-electron functions., For example,
we might simply take ., = 1s(1)1s(2) = (1s)2, We then find the energy listed
in Table I, with the best possible 5 off by 0,056 atomic units (a.u.). This is
not good, for it is 0.056x27x23 = 35 kcal per mole -~ of the order of magnitude
of energies of chemical interest, This is typical of the general situation and
leads to the rather unpleasant conclusion that the problem of absolute predic-
tions in chemical quantum mechanics is of the same level of difficulty as the
problem of the absolute prediction of atomic spectroscopic intervals.

One can improve the situation with He considerably by mixing with the
(ls)2 function functions of the same or other types, as is shown in Table 1.8
Modification of the form of the orbital itself leads to the so-called Hartree-
Fock result, 0,042 au off, This leaves a residual error of ca, 0.5 ev per
electron which is called the correlation energy. By going to an "open-shell"
function, Eckart showed that a much better result still is obtained -- 0,028 au
off. This furistion contains much of the radial correlation energy. Angular
correlations were brought in by Taylor and Parr, as indicated in Table I,
reducing the error stillfurther to 0,005 au, which however still is 4 kcal/mole.
More terms would of course ultimately remove the residual error,

This method of building up an exact wave function by linearly
mixing more and more products of one-electron functions is called the method
of configuration interaction., It will be fundamental in much of our later

discussion,




- -

TABLE I. Some variation functions for the normal helium atom.2

Function®?©

Eeale Ecalc_EeXptl

(1s)? 2,848 0,056

(ns)? with n=0.955 -2.851, 0.050

(#)° -2,861 0.042

(1s)(1s!) -2.876 0,028

(1sls')+(2p)? -2.895 0,008

(Lsls')+(2p)2+(3d)? -2.897 0.006

(1sis')+(2p)2+(3d)2+(L1)? -2.897 0,006
Exact -2.903 0

a. Energies in atomic units: e2/ao = 27,2 ev,

b, See references 6, 8 and 17. The second function is due to
Parr and Joy, the third function is the Hartree-Fock function,
the fourth function is due to Sckart, the fifth, sixth and
seventh functions are due to Taylor and Parr, and the last
(exact) function is due to Hylleraas and later authors, the
most accurate calculation of all being that of Kinoshita,

c. The sign + in a function stands for "mixed linearly with",
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§24 A CENTRAL ORBITAL TREATMENT OF THE HYDROG:EN MOLECULE

We thus see what we are up against in the general case,

The hydrogen molecule-ion we certainly expect to be favorable -- it
has but one electronl] Indeed this problem has been solved exactly. There
seems little pocsibility of use of the rather complicated wave fu..ctions thus
obtained for larger problems, howevei, although Wallis and Hulburt recently have
made a start.?

The hydrogzen molecule is more interesting., In their well-known
beautiful but very tedious calculation, James and Coolidge solved this problem
essentially exactly, using a variational method patterned after the one used by
Hylleraas for helium, But again extensibility is lacking.

Some sort of crbital approach seems most desirable. You are all
familiar with several calculations usirg atomic orbitals centered on the two
nuclei; some of the results are exhibited in Table I1.10 while the results are
satisfactory to a degree, it will be noted from the table that nooody has come
within 0.017 au or 11 kezl/mole of the correct energy using atomic orbitals,

The 0.017 au discrepancy can in principle be removed by adding (mixding)
more terms built from cenventional orbitals, and it certainly will be one of
these days, The main reason it hasn't yet resides in the integrals problem.

This, plus other factors, motivated Mr, Joy and I to try the use of a
set of orbitals simpler to deal with, orbitals centered at the molecular center
onlyll1-18 Results are shcwn in Table II; they are, I thirk, quite encouraging,

We found it expedient and workable to remove the restriction that the
principal quartum number n be integral. It is only necessary to regard the
quantity (2n)! of 1.9 as the factorial or gamma function, and to be prepared for
evaluation of complete and incomplete gamma and beta functions of non-integral
argument. A corresponding somewhat startling result for the helium atom is
given in Table I -- it is found that the best (ns)2 description for helium has
n=0.955, which means that the bect single ns orbital for helium is infinite at
che nucleus!

These calculations have been performed on an IBM 650, Subroutines for
evaluating the required auxiliary functions have been developed and packed into
a single master subroutine, and another subroutine has been written for varia-
tional determination of an energy minimum in many dimensions by the method of
steepest descents. An alternative to the last, fitting of many-dimensional
parabolas to the energy function, has also been studied in some detail, It may
be noted that in the last "central orbital" function listed in Table II there
are 22 independent variational parameters; all these actually are varied in
tiis calculation,

These calculations are still in progress; I see no reason why they
should not be extended to give any desired accuracy.

It may be instructive to look at a typical formula for these calcula-

tions. The energy associated with a single (ns)? term in hydrogen or helium is
given by the following expression:17

Ewlo Vo * Vee * Von - (2.1)



TABLE II. Some variation functions for the normal hydrogen molecule,

-6 =

... b,C -
Function™? Yeste Beale Eexptl
Keitler-London (variable Z) -1,138 0,036
LCAO MO (variable Z) -1,128 0,046
Weinbaum (variable 2) -1.147 0.027
Hartree-Fock -1.132 0,042
Callen~James (best func- -1.157 0.017
tion without ryz)
(12)° ~04988 0,186
(ns)? with n=1.25 -1.026 0,148
(ns)(n's') = (ss') -1.034 0.140
Best central orbital func- -1,045 0.129
tion from s orbitals
(ss') + (=d,) -1,112 0,062
(ss' + (e"dy) + (popo') -1.,128 0.046
(s8?) + (s"dg) + (PePy") -1.139 0,035
+ (P1P-1)
(8s!) + (s"dy) + (papy")
Q (o}
+ (pyp-1 + (a”'s.?p ~1.149% 0,025
Exact -1.174 0
a, Energies in atomic units: e®/a, = 27.2 ev. All calculations are

for the observed internuclear d

b. See references 10,12, 17 and 18,
(1isted below the dotted line) are a
the fourth, which is due to Shull and Hagstrom,

gstance, R=1.4a,.

The central orbital functions
11 due to Joy and Parr except

Tne "exact"

function is due to James ard Coolidge, the agreement with experi-
ment being perfect for it to the number of significant figures

listed,

c, The sign + in a function means "mixed linearly with",

d. By adding further terms, Joy has obtained -1.159 au.



Here (in e2/ao units)

T = 3°%/(2n-1)) (2.2)
Vpe = -b($/n) [1 = (20,0 ) + (20/2)1(2n,2)] ,  (2.3)
V,, = 25 /n) Ta(2n+l,2n), | (2.4)
Vo, = (;/g) for Hp, O for He, (2.5)

where © = R, I(x,¢°) is the ratio of the incomplete gamma function to the
corresponding complete gamma function, and I, {a,b) is the rati of the incomplete
beta function to the corresponding complete beta function,

Reduction of 2.1 to the familiar (1s)? result for helium goes as
follows, Let n=1, 2°=0, Then T = <:2, Vne = “4< Von = 0, and

Voo =23 I_;_(B,Z) - 2] :F""-“" - (5/8)F.

Thus
Ex 5213+ (5/0)5 = 52 - 2U/8)8.

This is the familiar result; E has its minimum value, -(27/16)° or -2.848 au,
When g = 1068750

$3. THE GENERALIZED HUCKEL METHOD: PRTFAJEZ

I wish to describe in this and the next several secticns a theory
that recently has been developed for calculating from quantum mechanics some of
the properties of certain types of complex molecules, As you will sece, the
theory is far from perfect, But it represents I think a fairly good example of
the sort of thing one should want and be able to do better in the future,

Wo are going to have to deal with the quantum mechanics of many-
electrcn systems; in this section I shall quickly survey some mathematics
necessary for the discussion and also set the scene historically.

The linear variational methoed

It is well-known that if ~ne takes as a variational function for ¢
given molecule a linear combination of a given set of known starting functicns,

S T S P P Y (3.1)

then the best such function, the one that makes the energy of 1.2 a minimum,
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has coefficients A, which satisfy the equations

he

P -
= = = R . (

and further that the corresponding best energy is a solution of the secular
equation

| (g - 55, B =0, (3.3)
where the matrix elerents Hjj and Sij are the numbers

C ” 7 X
Hij E j J:‘ ﬂ V‘J dv 9 slj = \‘IP ‘F' {-J dT ° (3014»)
The whole story of resonance, in a sense (My apologies to Professor Wheland!l),

resides in these equations -- Here the f's reprasent the verious "contributing

structures', qz represents the actual molecule, and the ‘‘resonance energy" is

the energy increment Hy,-E,, where Hyy is the smallest of the Hii and Eq 1s the
lowest root of 3.3.

The secular equation 3.3 has p roots; these approximate the ground
and excited-state energies of the given molecule,

Determinantal wave functions

We will not be able to escape explicit consideration of electron spin
if we wish to be at all precise in our descriptions of many-electron systems ==
you all know that we must impose the Pauli exclusion principle on all of our
wave functions, That is, all wave functions must be made antisymnetrical with
respect to exchange cf any two electrons. Or equivalently, if one is building
n-elactron wave functions linearly from products of one-electron wave functions
(orbitals) and spin functions a and B, one may restrict oneself to consideration
of antisymmetrized products of the type

g1(1)a(1) £(1)8(1) £2(1)8(1) ..o
1| £1(2)a(2)  £4(2)8(2) 4:(2)B(2) +eo

S\

. 1 S D [HQa) A QER(R2) £360) .. |
wnl -
= (f151B2 +oe) = Z‘ = (3.5)

Here a mumber of equivalent notations have been introduced for one and the same
thing, 2 determinant times a factor which makes the resultant funtion normalized
if the g, and a and B, are orthonormal. Even more soncisely, if the symbol X
is used to represerit the product of some ¢ with a or B, a spinorbital, then the
typical functior to be dealt with may be written

( A1 A2 A3 .0)
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In this last notation, notf that no two A's can be the same (or else the
function would be identically Zero)} the ( ) may be thought of as a notation
for "take the antisymmetriged product of the functions',

To give a simple example, the ground state wave function for the

hydrogen molecule, including spin, in the Heitler-London, molecular orbital and
Weinbaum forms may be written as follows (omitting normaizing factors):

T, = Qatp) *+ (%),

Tao, = BiF) = (7 + (f) + GaTa) + (%)

Tupmmams = A LCGT) + (W Fa)] + B ((5Fa) + (1),
=C (6181) + D (f02)

Here x, and Xy are atomic orbitals on atoms A and B, and ¢; 2nd go are the
corresponding LJAO combinations X, + ¥p and 2, - L2 respectively.

(3.6)

The 1ast of equations 3.6 illustrates a very important point., If one
starts from a <iven set of atomic orbitals the Heitler-Lordon m>thod including
icnuic teims and ti.c molecuiar orbital method including configuration interaction

- — -

both givc the qgma'?inal wave function, 1In their primitive forms the nmethods
however are of course different.

The pi-electron approximation

The molecules we shall be dealing with are in the main the largs
unsaturated, usually planar, oftcn conjugated orgznic molecules such as ethylene,
benzene, polyenes, and dyes. There is a great litcrature on the conjugation in
thesc molacules, most of which makes at least qualitative usc of what we shall
call the pi-electron approximation - the assumption that the electrons in the
so-called pi bonds of thesc molecules wove ~vound quite freely and ouite inde-
pendently of the details of whaf may be happening in the underlying sigma-bonded
structurcs. We may think of a core in the field of which the pi electrons move,
if you like, Quantum~mechanically, we may hope to treat the aromatic properties
of benzene, for example, as 31 six-electron prehlem,

How this approximation is invoked in the various theories we shall
sec immediately. Then later we shall submit it to a rather detailed re-
examination -- it is really the "core" of the matter!

The Huckel method

In the Hickel method for troating these molecules, a very nice simpli-
fied system is used for calculating a varisty of properties, The mcthod may be
characterized as having four defining assumptions, as follows:

Assumption 1: The pi electrons are treatod apart from the rest,
That is, "the pi-eloctron approximation is invoked",

Assumption 2: The pi-clectron wave functions are built from 2pn~
atomic orbitals ,_ on the various atoms. These orbitals are corbined linecarly
to give molecular Broitals gyt

’ $= C

FL 7 P ip " p* (3.7)



The coefficients C, &are determined so as to minimize the total pi-elzctron
energy. wWave functlons for the complete pi-electron system are formed by
assigning one or two electron at most o the molecular orbitals éi.

Assumption 3, For the energy calculation it is assumed that the
scveral pi electrons move indeperdently in a potential field described by a
one~clectron Hamiltonian operator; thus the total pi-electron hamiltonian opera=
tor is taken to have the form

_}2"(1,2,..,!'1“) = Z ‘I-!Cff( r)’ (3.8)

whero mutual pi-clectron repulsions are assumed taken care of in the operator
Hoppe

Assumption L, The basic coulomb intcgrals

ap(eft) = | X (LH o (1)x (1)a (1) (3.9)
and rcsonance intcgrals

oot = [ (D (Lix (ar(W), pga, (3.10)

are taken to be empirical propertics of atoms and bonds, respectively, anc the
overlap intcgrals

Spa = J ApVIX AT, pta, (3.11)

are computed theoretically or sect equal to zero.

The consequences of these assumptions are that clectron spin can be
almost forgottcn and the total pi-electron wave functions taken as simple
products of molecular orbitals di, with the ccefficients C, determined upon
solution of a onc-electron secular equation of the form

a,-¢ Bab-que . ..

ﬁba‘sbae ab°e o o '; ot O' (3.12)
o
|

Further, the total pi-clectron enecrgy is a simple sum of the appropriite roots
of this equation:

ETT - Eji ey (sum over filled orbitals) (3.13)

This method has been developed and extensively applied by Coulson
and Longuet-Higgins, Mulliken, and many othcrs. Its great advantage is its
simplicity., It fails when used for spectra, however, and doesn't look too good
when looked at from the fundamental point of view, (The most basic trouble, as
we shall sea, is with Assumption 3.)
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The Goeppqgt-Mazgr and Sklar method

In a famous 1938 paper,19 Gozppert-Mayer and Sklar inaugurated
calculations by a method seemingly so different from the Huckcl method that the
two mecthods had nothing in comaen, Characteristics of this method in its most
refined form zre as follows:

Assumption 1: The pi electrons are tre~ted ~prrt fram the rest,

Assumption 2: Thc pi~clecstron wave functions are built from 2p
atomic erbitils % on the various =toms. These orbit~ls ~nre combined linenrly
to give molecul~r grbitals g. as in 3,7. Various many-clectron functions are
built up 2s antisymmetrized products ¢ k of appropriante ‘i and spin factors, ~s
in 3.5. If onc wishes to emply 2 single such & as the description of 2
molecular state, one can determine the values of the coefficicnts Cjp by minimi-
zation of the total energy (Roothaan's LCAO SCF procedurc20); if one wishes to
mix mrny such J linearly (the configuration interaction or CI procecdure?l),
the valucs of the Cip are immateri-l,

Assumption 3. The pi-electron Hamiltonian operator is taken to have

the form
n, Rl .
E_(1,2,..,n,_) = :‘l Hoore( M) * 2 7, 1(e"’/r}.,). (3.14)
= 1" o= '

/

Pi-elcctron repulsions thus are explicitly considercd; reasonnble approximntions
are invoked to elucidate H,qpqe

Assunption &4, All integrals are computed theoretically. These are
of four typcs, the onc-center core integrals

ap(core) =ap = J’\/“Lp(l)ﬂcom(l)]p(l)d\r(l), (3.15)

the two-ccnter cors integrals

;o

Bogleore) m By = | 2 (Hsone (1) x,(1)av(1), pfa, (3.16)

overlap integrals as in 3.11, and electronic rcpulsion inteogrnls

(palrs) = §§ % (1) X ((e/r ) % () xy(av)av(),  (3.17)

Roasonahle approximations are made to delineate the operator Hiogpee

The difficulties of calculations by this scheme ~re litcr~1lly
horrendous (as many of you, and I well know}); the integrals ~re hard to compute
and there are many of them (nk/8 of the type 3,17 for a large molecule with no
syrmetryl). But the method do:s give pretiy fair ~grcement with spectr~ and
certainly se.ms more satisfictory from the fundamentzl point of view,

The method of atoms in molecules of Moffitt

A fow words now must be said about the so-called method of atoms in
molccules.<2 We sh2ll come back to this latter, Suffice it hcre to say that
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after finding disappeinting results by the Goeppert=Mayer and Skiar method for
the oxygen molccule,<3 Moffitt decided that in molecular caleulations one shoulc
correct for the inadcquacics of the orbital approximations by making use of
available spectroscopic data for atoms. He obtaincd some good results this way
for oxygen, and he gave an elaborate general prescription for calcu.ation,

Requirements of a useful theory cf complex unsaturated molecules

With what has been said in mind, it is nct hard to set down 2 number
of characteristics that would be desirable in a theory of the clcctronic
structure of molecules of the order of complexity of benzens, pyridine,
naphthalene and such molecules, I get six:

(1) Pi electrons should be treated apart from the rest.

(2) Pi-electron wave functions should be built from 2pT atomic orbitals.,
(1) Pi-electron repulsions should be included,

(1) The treatment of pi-elcctron repulaions should be simplified.

(5) Provision for the use of atomic spectroscopic data should be mede,
(6) Bmpirical elements should be included,

More strictly we should of course admit that what we are talking about is not

a theory but a method, Requirements 1 and L are necessary to make the method
manageable; requirement 2 is an expression of our conviction that our elementary
jdeas about orbitals in molecules are valid; requirement 3 is an absolute
nccessity if we are going to treat spectra (How else can we separate singlet and
triplet states?), requirement 5 will allow us to get ionic and covalent states
corrcctly located on the energy scelae relative to one another, and requirement 6
will take care of the core and the errors forced on us by all of our other
requirements.

§i, THE GENERALIZED HUCKEL METHOD: OUTLINE

Basic assumptions

What mathod can we construct having the above propertics? Dr. Rudolph
Pariser of thc duPont Comging and I geve ong in 1953 which has the following
defining characteristics:2k,25,28

Assumption 1: Samc as Assumption 1 of Goeppert-Mayer and Sklar method,

Assumption 2: Same as Assumption 2 of Goeppert-Mayer and Ckiar method,

Assumption 3t Same as Assumption 3 of Goeppert-Mayer and Sklar method,

Assumption 4: The four types of integral that cnter are deterined in
the following ways:

(a) The one-center core integrals of 3,15 are referred by a reasonmble
elucidation of the operator H,ore to atomic jorization potentizls, and the latter
are token from experiment,
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(b) The two-center core integrals of 3,16 are taken to be empirical
propertiss of bonds, (usually) set equal to zerc for non-bonded -tom pairs,

(c) The overlap integrals of 3.1l1 are set .qu~l to zero,

(d) The electronic repulsion integrals of 3.17 all are sct equal to zero
save those n of the form (pp|pp) = ¥, and those n2/2 of the form (pp|qq)
= Tqu, The first type, the one-center coulomb repulsion integrals, are
obtained from rclations of the form

Yop = (pplpP) = I - A (4.1)

P J
where I and A_ are the ionization potential and electron affinity of atom p

in its pappropgiate valence state, taken from experiment, The second type, the
two-center coulomb repulsion integrals,}é , are computed theoretically, estimated
using charged-swhere or other pseudo-cla gical approximations, or determined
empirically,

EFElucidation of the basic assumptions

We need riot dwell on Assumptions 1, 2 anrd 3, We are committiing ou.-
selves, you see, to the theoretical framework of the Goeppert-Mayer and Sklar
method, which fundamentally has much more appeal than the framework of the
Huckel method,

Assumptions 4 has far-reaching consequences, and should be examined
verv carsfully for their real meaning, We shall in our later critique of the
method attempt to deal more severely with the fine points; for the time being
a few supplementary remarks will have to do.

Concerning Assumption La, the elucidation used is that due to Goeppert-
Mayer and Sklar, This gives the formila

ap = -1 - j; i qu B3 (4.2)

where Pp is the total (positive) energy of attraction between a pi electron
on atom p and the rest of the molecule, treated as neutral -- the total so-called
penetration correction for ap.

The physical meaning of the various terms in L,2 is clear, an itself
4s the energy of an electron in atomic orbital >, in the core, -I_ is the
value of this enei'gy in the isolated atom (assuming %, is an atomig eigen—
function), -P_ is an additional stabilization due to tﬁe presence of the rest
of the molecufe when unstripped of its pi electrons, and the sum cf repulsion
integrals is the further stabilization obtained when pi electrons are stripped
off the rest of the molecule,

Concerning Assumption 4b, this may be thought of as the place we have
chosen most explicitly to acknowledge our ignc—ance of the precise structure of
the molecular core and our realization that the quantum-mechanicai celculation
we are carrying out is by no means exact. This we shall return to later.

Concerning Assumption Lc, this should not be taken literally. Just as
in the Huckel method the neglect of overlap can be shown to be asimplifying
formal assumption that gives results essentially eguivalent to results obtainable
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without the assumptier, so in the generalized method one is not saying '"the
overlap integrals are zero" but that "the overlap integrals may be set equal
to zero". More also will be said about this later.

Concerning Assumption 4d, again the simplifications are to be regarded
as formal, not interpreted literally. We may call the simplification,

(pqirs) = O unless 'j.p 5 7q and '}fr  Jy S (4.3)

the formal neglect of differential overlap. It has been shown to give results
essentially the same as results ootained without it.24,26 This was its first
justification, but more can be said and will be said later.

Concerning the evaluation of the one-center repulsion integrals by
L.l, this formula can be given a simple derivation using "atoms-in-molecules"
ideas,27 Suppose that usirg the pi-electron approximation we wanted to calculate
the energy change for the atomic process C + C —> c* + C , whero the electron
transfer involves a pi electron, We would get, at inspection, the result

AE{cale) = (pp|pp). (L.L)

But this anergy chanie can be obtained also from atomic data:

AE(exptl) = I - A (4.5)

P

The rub is that these equations do not give the same resuit! Using 4.4 one finds
AE = 17 ev (for 3later orbitals); using 4.5 one finds AE = 11 ev, This is of
course because the thaoretical calculation is wrong. What can we do? One thing
would be to go to a better, more detailed theory., This we want to avoid, for
simplicity. So we use an alternative, use the relation (ppipp) = Ip-A to give
integrels (pplpp), with the hope that this will put things right,

Concerning the evaluation of the two-center repulsion integrals, it
must be admitted frankly that his is n subtle problem, Methods various authors
have uscd will be indicated as we go alcng; I will later give what I consider
the best method of all (which has not yet beer tried by anyonel) .,

A work ~f caution. The validity of L.l as 2 method of bringing in
atomic datg depends on the assumytion of zero differentiul overiap's having
been made,2? Juite a different theory is ootained if one uses 4.1 without zero
differential overlap.BO

§5. THE GENERALIZED HUCKEL METHOD: APPLICATIONS TO
ELECTRONIC SPFCTRA

Before I begin cataloguing applications, which is not my main purpose
anyway, I had better take up in some detail a simple example, ethylenc, and then
the most important example of all, benzene. I will then describe the applica-
tions that wc ourselves have made to spectra, and those made by others,
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Ethzlenezh’29

The following scheme of equations shows the pi-electron Hamiltonian
operator for this two pi-electron problem; construction of molecular orbitals
‘i as linear combinations of atomic 2p7r orbitals Xn; formation of anti-
symmetrized products $4; linear combination of the ¢; to give appr¢ “mations
to the ground state N, ghe first excited singlet state & and the first excited
triplet state T of the molecule; computation of the appropriate matrix elements
by the standard Slater-Conden rules in terms of integrals over molecular orbit~
als; reduction of the integrals over molecular orbitals to integrals over atomic
orbitals; and the final secular equation for the problem,

H.(1,2) = Hoope(l) *+ Heore(2) + (e2/r12). (5.1)
¢1 ’J‘% (xa + %b)’
(5.2)
fr= = (X, = Xy
V2
T, - BB, e = BR), §y =z [0« kB]
$p-l ((#182) - ($2B:)|  (one component). (5.3)
2
’?"Aj @' +A2§2*AV§V*AT§T o (Soh)
Ey = Hyp =2I; + Jyy , Eyp=Hyyp=TIi+Iz2+ diz+ Ko
Ep = Hpp = 2Ip + J2 , Bp=Hpp=T) + 12+ Jiz - K2
Hyy = Hay = Hyp = Hep = Hyp = 0,
Hy2 = K32 . (5.5)
o= (s (1) Hogpe(1)6:(10av(1), (5.6)
2
1y = Mg a[% )ﬁj (23 (2)av(1)av(2), (5.7)
\T2
[ = \/ez
Kyy = (8 (DELIE)) 4y (45(av()an(2), (5.8)

!
I » 3 (ay + Gb) + Pan =+ B,

Io = 1 (cq v 0p) =By, =0 -8, (5.9)
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Jyp = Jo2 = Jy2 = J -.%(1/38 v Yo

Kiz = K = %(-};a - ) (5.10)
W K 0 0 ’
K -W-L O 0
=0 (5.11)

0 0 -W=28+K O

0 0 Q -W-2p-K

(roots Wys wz, Wy, WT)
W=21E-E, (5.12)

Numerical calculations with these eguations give the results in Table III,
These show the following interesting and encouraging features:

(1) The calculation with zero differential overlap, but without empirical
correction of ]g , 8ives results essentially equivalent to those given by the
method of Goepper%—Mayer and Sklar.3l These are not good,

(2) The calculation by the full generalized Hickel method gives results in
very good agreement with experiment, In particular, the singlet-triplet split
cames out well,

(3) The effect of the atoms-in-molecules correction that has been introduced
is a much lowered mixing of $, with ;f,. This means the simple single con-
figuration molecular orbital wave function is better than ordinarily supposed -~
the molecular orbital method is vindicated! Enhancement of ionic character
wou'd of course be expected from a comparison of 4.4 and 4,5,

(4) Only the difference of the electronic repulsion integrals }éa and 2/1b
enters the calculation of spectroscopic intervals,

The reason for (1) can be seen rather easily in this case,32s33  ppproxi-
mations of the form

: S (.,
76D ¥ ) = 5 [y7) + 23] (5.13)

reduce all J's in the full Goeppert-Mayer-Sklar calculation to the form of 5,10,
and X to the form of 5,10 up to a factor 1-52 in the denominator, which is clcse
to 1, More will be said later about such Mulliken approximations.

Benzenel?s24,25,3b

Let us now turn directly to benzene, that molecule ahout which so much has
been said, (Historically, butadiene actually came next<l,<5),



TABLE ITI. ELECTRONIC EX“RGY LEVELS OF ETHYLENE (ev),®

StateP Goeppert-Mayer  Zero Differential  Generalized Exptl.
and Sklar® Overlapd Huckel®
N 040 0.0 0.0 0.0
1 1.3 1.1 0.1 -
T 3.1 345 5.8 6.4(?)
v 11.5 1.2 7.6 7.6

a. See references 24, 29 and 31,

b. N is the gréund state, 1 is the simpie MO single configuration
description of the ground state, T is the first excited triplet state,
and V is the first excited singlet state,

¢, Reference 31,

d. Reference 24, Purely theoretical values are given '}/ .

e. Reference 29, Purely theoretical value for 4.
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Symmetry has a lot to do with this problem if one wants to describe
the situation that way, Actually, use of symmetry (group theoretical) arguments
will not give any results that would not come out in the wash anyway, In the
description given below, group theory is assumed used only in the determination
of the original molecular orbitals, and this part of the argument can be found
in the texts (e.g., ing, Walte:r and Kimball)., The rest follows from the

Slater-Condon rules alone,

Table IV, following the equations, gives results,

—6 1 6/ 2
Ho(1,2,-,6) = 5, Heore( P) *+ 3 >, (e /%0 ) (5.14)
=l pv=l |

I‘j - 1 25 P }-/p , w=exp(2m/6) , § =2,%1,%2, 3,

6 p=0
p J
= .l
(8= #_) (5.15)
§ N = N = (foBob1914-18-1) = (0611-1-1)
MBS -T == T . .
L) V,, = V12 -\% " (0012-1-1) + (0021-1-1) | Ty> with - sign
A Veyop = Vm1m2 = 1 1 (0011-1-2) + (0011-2-1)!  T-y-2 with - sign
V2
- - o - v O -, (5.16)
Vi-z = 1 (000-2-1-1) + (00-21-1-1) ] T,-2 with - sign
Ve
Vayo = 1 [(06].1_-1-2') + (0011+2-1) | T.;2 with - sign
P _
Vorez = V2™, Vo2 = Vy=2™ and similarly with triplets
o°o degenerate
+
Viz =1 (V2 + Voi2) '1'12+ \
2 E1
- - | Symvetry
Viz =1 (Vy2 = V-1-2) T2 /
2 .
e . Similarly (5.17)
V1w = 2 (Vy—2 + Voy2) Ty-2 \ By
2 Symmetry
Vi=2 =1 (Vo2 = Voy2) Ty-z ) Baw
2 Symmetry

.2



1(a-p)
| <
Ii== 72, .. ¢ M.

6 p g \ core 'q
1y 5 ytlaplg
6 p ::p Pq

=q + 2 cos(2ri) (5.18)
()

(Ip =a+2B, Iy =a+B, I =aB, Iy = a - 28)

Jy= & Eq Tp s ¢ Hap)-Jle-r) ‘\ ) (1)’ ‘)‘r(2)fis(—‘

J

T2
; dv(1)dv(2)
L BT
% p r pr
« 1) ¥+ Sy * Hog ® 03.‘ =J (5.19)
6 LY.
T T gatennlen) o gy, (1)__.)7((2)7( (2)av(1)av(2)
P g r e
SRR I S U C Y
0
* P g F
1[3/ + 2 cos 2li=f) +2003—’i}-ﬂl'¥ +cos——"—(1—°-ﬂ'¥ E
g L 00 6 09 03 -
(5.20)

Koo 3 J (does not appear)

, ) ) .
1 '-lu/oo * Xor = oz - }034"
6

1" V2
K°2'ZL 00 601 Yoa * "o.',J

17 4 - H
;[5/00'2 o1 * 2 Yoz (03J

WeE-Ey, Ey=2Ip+ 4 + 15J = LKoy = 2Ko2 (5.21)
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TABLE IV, ZELECTRONIC ENERGY LEVELS OF BENZENE (ev).a

POUTTD DU SO PRDY VU oy Ao you - i

State GMsb 2D0° ai-1¢ GH-II® Exptl.f
1A 0.0 0.0 0.0 0.00 0,00
lg
1 9.7 9.9 7.0 6.55 6.76
Elu
1y 7.2 7.3 5¢3 5.96 5,96
1u
1g 5.8 5.9 L.9 L.71 L.TL
2u
3 L.3 L5 Le5 L.15
u -
0 o2 .0 . .
3Blu 3 3 A 3.59 3.59
5.6 5 Le9 L.,7T1
3B2u E -
a, See references 19, 24, 25, 34 and 35,

C.

f.

The original Goepper¢-Mayer and Sklar calculation, as corrected in
reference 35,

Zero differential overlap but theoretical integrals -- reference 24,

Reference 25. Full generalized Huckel scheme, with integrals ?;b
slightly adjusted downwards,

Reference 34. Generalized Huckel scheme, fully empiricized,

Values of parameters are: =-f = 2,371, Yoo = 10.959, Vo1 = 6.295,
Yoo = 5.682 and Y53 = 4,978 ev, the last being a purely

theoretical value,

Other assignments give unreasonable integral valves, See
reference %,.
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= ¥ - | - 1 9 2 = g
w’E,M,‘-‘E,% 1;-Ic+Ko1-Koa2Ko 2B + = Yoo “ 5 Yo % ‘on _i_ Yoa

1 1 1 1

L L) = + - -
“B n Yoo 3 9013 4oty Xoa

W a. = I1-I5-Kga+tKpy22Kgy = =28 + ! -5V 4+ 9 -2
By , By | 1170 Ko2+Ko322Ko5 B = g/oo E}m < Yoz 5 Yos

3-26-5400‘”';'3/01';;3/02

= ~T - B - 1 - 1 “
Bes 8y, T T1ToM0rKost0 =28 v 2 o, - £ TH 3 Tos (5.22)

(Interactions all zero ! )

Again the results are most encouraging, Conclusions may be stated
as follows:

(1) Zero differentizl overlap brings in no special errors,

(2) The generalized Hiickel method gives good agreement with experiment
even before it is “fully empiricized", It thus would seem to have a sound basis,

(3) As before, only the differencas of e]ectronic repulsion integrals enter
the calculation, (Note from 5.22 that only wx'e enter, and from 5,20 that the
K's depend only on differences.) :

(4) Degeneracy between 'B,, and 3B, may be noted,

As we have described it, the benzene calculation merely involves a
configuration interaction cilculation among states that are degenerate in the
Huckel approximation:

-lo— —O_~ &—. _2-
% o o 20 © o o o0
o0 20 o e

This ha3s been termed by Moffit,t,36 first-order configuration interacticn., Con-
figuration interaction over and above this, second-order configuration inter—
action, can be included, and was included bglParr, Craig and Ross in their
Eaeppert-Mayer-Sklar calculation on benzene<! and by Pariser in his polyacene
calculation, to be described below.3% How much configuration interaction to
include in a given case (short of the jdeal complete amount) is a very difficult

question to decide,

Pariser's calculations on the J)ol;zacenesy‘

In some rather complete calculations of the spectra of benzene, naph-
thalene, .., pentacene, Pariser has made the following basic assumptions ( in

addition to those of §L):
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TABLE V. rarameter values for benzene (ev).

N Al s Andin ol

Parameter "Theoreti.cal" Value Required Value Used
Value® for Fit of by Pariser
Benzene Spectrumb for Later Calc,®

-8 2,477 2,37 2,37
00 11,08 11,383 10.959
o1 9,065 7.213 6.895
Yoo 5,682 5,788 5,682
oy 4978 4,978 4978

a. Calculated using Slater orbitals or uniformed-charged sphere
approximations to them, except for ¥q0, for which 4.1 is used,
Oee references 24 and 34,

b, Reference 25 and Table IV above; }63 18 calculated theoretically,

all other parameters purely empirically,

c. Reference 34; *52 and };3 are calculated theoretically, the
other three parameters empirically to fit the known B symmetry
states of benzene, See Table VI below,
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Assurption 1: Simple Huckel molecnlar orbitals (for which the co-
sfficients are known in analyticzl form) may be taker. as the basis for a con-
figuration interaction calculation,

Assumrtizn 2:  The confizuration interzction calculation may be
limited to rii.o“ng t.e ground configuration built trom Huclel orbitals and all
"sirgly excited" cecnfignrations (conficurations derivabie frem the ground one
by one-electron jumps).

Assumption 3: The penstration integrals P, of L.2 are the same for
all carbon atcms,

Ascumpcion L: The integrals '?'O may be comguted purely theoret%;ally
e e Y . L. . '. ’ \

when atoms p and q are farther apart than neighbors; the i1ntegrals ‘oo, ‘o1

and B may bz taken a: purcly empirical quantities with values chosed to fit the

three <nown B-symmetry benzene levels,

The calculations were performed with an IBM 701; the results are
summarized in Table V1.

Before discussing the results, I might say a3 few wcrds about the
assumptions, Assurntion 1 is a natural one to maks and gquite practicacis; it
requires no further comment. Assvrption 2 it wculd be desiravle to ao without
(in which case "any old moiecular orditals would do") but is made to make the
problem tractable., Assumption 3 is a vital one in the sense “hat it defines an
alternsnt hyvdrocarbon in this theory3h:23 (along with the usual starred =nd
wastarred divisioility of the atoms); it should be carefully investigated by
someone sometime. Aszumption 4 we have already seen (Tabie V) leads to very
reasonsble integral values indeed. To call the resultant parameters "purely
emuirical” hanily does the “hecry justice, it secms to me: every integral has a
value which is in the vicinity of a value that can be obtained by a priori

theoretical arguments,

Tc turn now to the resilis, th2y are strikingly good, to say tho least,
Not given in vthe table are intencities (f numbers); these come out very well tsc,
Aud the bond orders in naphthalcne come cut much better than they did in the olad

Huckel theory, removing a discrepancy of fcirly long standing in experiment
J

(bond length) versus theory in this araa, s 27,40

It vill be noted thac the now experimentally confirmed crossing of the

two lowest singlet levels az we 20 up the series is verifiecd. Even scme excited
triplets are correctly placed,

Cther calculations {(by a simpler and by frce-electron metheds respec-
tively) on polvacenes have beer made by Moff1.t30 and by iam and,Ruodenberg.Bg
On n~phthalene there are also calculations by Moser37 and Lykos.f9

Pariser has applied the same method to azulene, the 5-7 ring analogue
of nanh<balene., Results again azre very good. including tnis time a cornuted
dipole ror-at, The seme molecule has besn treated by Ham and Rucdencer~g3” and
by Julg *¥
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TARLE VI. Calculated versus abserved excited electronic states
cf polya enes (ev).8PsC

o G0 B0 AR

AV VAAVV

Sing%ets

Ba ., 6.6 ) 6.3(5.9)  5.3(5.5)  46.7(4.1) L.1(3.8)
Bi, £,6 (08 5.9(5.7)  5.5(5.0)  5.1(L.6) L.8(L.3)
B2 6.0 (6.0) Lo5(L.5) 3.7(3.4) 3.1(2.9) 2.8(2.4)
Baw Lo (Lo7) 4.0(4.0) 3.7(3.8) 3.6(3.6) 3.5(3.5)
Trip}ets

Bo, L2 L2 3.6 3.2 B
Bt L2iF) 36037 3.8 3.5 3.5
Bauw 3.6 (3.6)  2.2(2,5) 1.7(1.7)  1.1(1.2) 0.8

Baw .7 (4.9?7) 4.0 3.7 3.6 3.5

a, Reli-rc e 34,

b, Other states than thrze 1. sted here were censidered in reference ..
Also ccurated were I values, which also came out in good sgreeiner.t
with exp-:iment,

¢, Number in parentheses are experimental values. See reference 34
for details,



- 25 -

Butadiene

Butadiens is of course a very immortant very similar molecule, This
has been treated by several peopla.?5,Lh,L5

0, and 02%

These molecules also have b=en treated most succassfully.3<,43 1In
these molecules ¥pq has been taken as a purely theoretical cuantity.

Alternant hydrocarbons

In Table degeneracy between singlet and triplet Ba,~ may be noted.
Pariser2l4 and Poplel have shown that there exiets such a degenerate pair for
any alternant hydrocarbon. Another theorem of interest is that for an alternant
hydrocarbon the charge density is the same on all carbon stoms.2B8s24 Spectra
of odd alternant hzdrocarbon radicals and ions have been treated by Longuet-
Higgins and Pople. 7

Caution regarding hetero effects

Having seen how successful the theory is for molecules we may think
of as "homo" as opnrosed to "hetereo", we might hope that we could proceed con-
fidently to the treatment of some of the latter type, as say methyl-substituted
arometics, or N-heterocyclic analogues of them, We shall see that encouraging
results have indced been obtained for such molecules,

However, a word of caution is in order: this problem is much more
difficult than one might first imagine. The trouble is that any such pertur-
bation of a molecule is even with the present simplified theory a many-paramcter
problem. In general all integrals ap, B.. and ?% will be affect~d, even if
the nunuer of electrons is not changed. qund if ﬂb number of clectrons is
changed (or the number of atoms) new integrals will entor,

It may be that a particular case can be treated satisfactorily
treating the number of electrons as constant; we then say th-t th2 effects of
the perturbation are inductive,?9 An example would be the pyridine molecule
treated as a six-electron problem, If the number of electrons must be changed,
the cffects may be called mesomeric. Hyperconjugation in methyl-substituted
benzenes would be an example,

To illustrate the problems involved in the general case, there are
given below the cquations for two~electron ethylene-like molecules, 29 14 will
be noted Low what may be termed electronegativities enter. This provicde s a
good chaeck on our theory: it gives the Mulliken formula for the elec . cncao-
tivity of Pouling, It 2lso shows the complexitics, though. ot olly .03t
electroncgatlivities o2 hzndled, but so must affects on the integrals ’Elb arq

Y ab » which are hard to assese quantitativoly. '
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A g and ,)(b not equivalent

Il

1
- +
,51 2 (Xa Xb)’ nevertheless

(5.23)
¢2 = é(}/a ‘Xb).
To= ), €5 = (B8, By = g (%) + (B,
o= (%[(15132) - (sz?;)]. (=.24)

Hyy = 21 + J = ag + ap + 28 + J,

a

H22-212+J=aa+ab-28+J,

I, +Io + J+K=a, +ap+J+K, (all as before) (5.25)

=

HTT=II+IZ+J-K=CLa*ab*J-K,
H12=K.

Hyy = Hay = Jil[i12 + (11312)] : (the new feature) (5.25)

But, using 4.1 and 4.3,

aa’"(Ia+Xab+Pa)’XM:Ia-Aa’ (5.27
o< ()
%’"(Ib*}/ab*pb)’Xbb"’lb"Ab°
Thus
-
Hyy = Hoy = -2 ° X (5.28)
where
Y=y (5-26)
tg an electroneativity difference, and
I. + A
. a a ,p
Ya 2 a ?
L, + A b 12
ybs b b -O-Pb’ (5' )

~
&

are effective atomic electronegativities. The secular equation for the singlet
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states and the corresponding transition moment matrix are as follows:
—d X 2"/ 2y

K -W-43 ~2"/2Y = 0 (5.31)

\ / -1/

!/ ni M [0 0 2 "Cer |
‘ Mz M22 Moy i = 0 0 2-'/2eR s (5.32)
\MV, My \ Vren V70 0 /

These give for the dipole moment of the ground statz

2V/2ep 271/2y /Ei~E

~ /2 -

M \
= ¥{{eR/(E-Ey)| (5.33)
This shows that the electronegativity difference Y enters the dipole momnent in

the expected way.

N-heterocyclic compounds

With these facts in mird, we should perhaps not be to surprised, even
thoueh we may be disapnointed, that there has not yet been very much work with
heterccyclic substances!

The N-heterocyclic analomes of benzene, pyridine, the isomeric diazine:
and triazine, were treated successfully in the second of the oripinal paoers on
the method,2§ although for various reasons the worl needs redoing. Only pi-pi
spectra were considered, but the relative positions and intensities came out fine,
including the relative behaviors of the isomeric diazines.

Table VII shows this problem set up in a more elegant way than was crig-
inally usei,4¢ There there is given the secular equation (for singlets) for i
arbitrary benzene-lik= molecule, that is, any six-electron system that can ©
thought of as a mild perturbation of benzene, You will observe that wh--
is to use he .- 2-1like molecilar orvitals to start and to make up for h .
configuratio: -:.tera.*ion, (Compare tne treatment of the two-electron - r. .7
abovej) Taie sc .ular ¢« quatinii then takes a very natural 7orm, with off-cicgc ..l
elements that ail redacze to zero for the full benzene syuietry., This last ca.
be verified from Table VII by use of the fact that an integral I44 is zero fo-
benzene symmetrr if j-if0; «n integral L,, is zero unless +3/ = 0, The typc
of L., for which u+1 = 0 is one of the usual J's or K's for the problem; the
latté; notation has been used in the Table so that any L remeining vaniches for
benzene symmetry.

ba
.‘



TABLY VII. The secular equation for singlet electronic s.ates of venzene=-lixke oL . ules.“™7

+ pe— -~
N or >~m Vi2 or m;C <MIN+ cr m._C Vy2 or m_C Vi-» cr mvC
1 .
-W NAH_u+mﬁdolrwa,|hunwvd 2(I_y2+5Lao-L21) " 2(132+5L10=2L2—1-La_2) ANHu_»+uhun|rmdvp
r b
-W+(12-1)+2Ko1-Ko3 (Ip4=I_11+L11+2L31-La2) (2Ly 1L _2) ~(Io4+I_11+10Loc2Ls—rLa—2=Lyy)
#2(L;1-Ly-2)"
| . i
~W+(Ip-I1)-Kc2+3Ko3 ~(Tp4-I_11+L11#+2131-La) 0
-4+(I,-1;)+2Ko1-Kea ~(In4+I_11+10La¢
-(2Ly L) T “2la_1-Le—2-Ly1)T
- -r
- —w+(T2-11)+Kc2-Koa
N
|
a. See references 25 and L8.
be W = MU--H&.ZM ﬂ.,z = NHO+PH~+HlegOa|NWOM o
N . < ipa. B
ce Iy5= £ Hoorabsdv , with £; = C\.&vum WP, s 1= Iiye
* . ! ~ R
d. (ij|x1) u.ﬁ__.Q.NG{w (2) A%\.\;Kuﬁvm%mvaitaimv, Ly, (i, ey k, k)3 Jig = Loo, Koi = Li-1, Koz = Le-z,
Kos = La-3.
e. Superscripts r and i indicate nreal" and "imaginary" parts cf.

i
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The complexity of the effeois of a given perturbation is evident,
There are "non-vectorial" effects whici: do not depend on where the perturbation
occurs (effects on Ij, J and Kij); there are "vectorial? effects which are posi-
tion dependent (effects on L, ., and Iig). It will be seen that even the diag-
onal elements may have both kinds of effects in themj the lowest singlet, Bay
level is an cspecially simple case in that "vector! effects do not enter the
diagonal element in that casec,

This argument can be considerably extended in a useful systematic

fashion.*8

Other calculations of spectra of N-heterocyclic molecules have been
made by Dewar and Pacloni#’ (melamine) and Paoloni (e-tetrazine), 50

Other calculationsg of spectra

Cons:derable other work with spectra has been reported by Longuet-
Higgins, Murrecll and McEwen. 2157  This work will no% be discussed furiher nere;
its emphasis has been on inductive and mesomeric eflfects, effects of bringirg
two conjugated systens near to eacn other, and special molecules,

Other workers have var.ed the applications, from the ferrocenz molecul2
through cyclooctatetracene and polyacetylenes.58~65

§6. TUE GENERALIZZED HUCKEL METHOD: APPLICATIONS TO
CTHER PROPERTIES

With work on "other" pronerties it seems to me there lies a great
challenge: with luck ene should be able to correlate and predict many diverse
properties, It was in this respect that the old Hucxel method was most dia-

appointing; but with an improved method could we not hcpe to do better?

In several papers, Pople, Hush and others have treated resonance cret
gies and ionization potentials. ©3,29,55-69  Bond orders and bond lergtns o L=<
have received considzrable attention; 1in addition to worke alreciy quci.ed thne s
are papers for examp.e by Hall,75-71 Pritichard and Summer/< R, D. Brown and
Pennfold,73:7h and Peacock and licWeeny . '-

While parameters obtained from the theory of one properiy have fron
time to time been ccrried over to anot“icr property, there has been only one
serious attempt to ccnsider several prc.erties simuitanecusly, the stuay mac
Lykos of the benzenec molecule,39

Vo~
€

Lykos considered quite carefully the electronic spectra. resonance
energy, ionization p.iential, electron affirity, and diameonetic anisc'.opy -
benzene, and rchowed that it is possible to ascsign semi~emrircical values to *.. -
several parameters in a way that will reproduce quit= well thece sever-iL exy -’
~ental “ata. In this worr Lykos has also relaxed the assumntion made by car.
authors that ncn-neighbor resonance integrals were zero,

Some of the results ottained by Lykos are shown in Tatle VIII,
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uantum-chemical properties cf the benzene molecule,?

oy

Property® Coefficient of® Calculated Observed
1 'Xoo 01 362 ?;3 Kesultd Resultd
1Boy -2B 0 1/6 =1/2  1/3 L.91 L.91
"Biy -2 /3 -5/5  7/6  -2/3 6.19 6.19
"By -2p /6 2/3 -2/3 -1/6 7,02 7.02
3By -28 -1/3 1/2  -1/6 0 3.79 3.79
Bay, ~2p 0 1/6 -1/2  1/3 L9l 4.9l
3By -28 -1/6 /3 -1/3 1/6 L35 L35
Fx-Ey -20 N -1/6 0 1/6 L.55 3.56
E -By -B=A -1/2 1/3 0 1/6 -5-0,02 9.52
E -Ey -B+4 1/2 1/3 0 1/6 A=0,02+7%0 N6l tc 1.L0
xT A - - - - 3L x 1076 54 x 107°

a, Reference 39,

report of his work.
anistropy also has been offered,

b, The first six properties listed are the
from the ground state N to upper states
By=iy is the vertical resonance energy, I o
p~tential, E -Ey is the negative electron affinity, and ;pb is the

diagmarnetic anisctropy.

c. Here B = Boj-Bns anc A = =I-6¢2-P, where I is the ionization poten~
tial of the carbon atem and P is a penetration correction,
A = (2~e3/hc)2(88g;), where

ring.

O

is an effective area of the benzene

d. All quantities are in ev, except

ergs per gauss-mole,

.

Later unpublished work by the same author has given
slightly different results which will appear in the final published
An explanation of the anomaly in the diagmagnetic

electronic excitation enercies
of the indicated symmetries,
Fy is the first ionization

Also,

, the units of which are



- 131 -

§7. THE GENEZRALIZED HUCKEL METHOD: CRITINUE

Wnat sort of a critique can one 7ive for such a theory? It works,
which for scme people would be sufficient justification, but this would not
suffice for you people here today. Is it fundamentally sourd? That is, is it
based on laws of physics, and is its arithmetic precision arithmetic?

I think that the answer to the first half of the last question is yes,
to the second half strictly no but perhaps approximately yes.

In order to elaborate, we may attempt to analyze several facets in the
theory,

In the first place, it has been shown quite rigorously that the pi-
electron approximation, so-called, corresponds to a very definitely correct method
of procedure when the wave functions for the system may be assumed to satisfy the
follow1ng conditions. First, they must satisfy the conditions of separability
of sigma and pi electrons: : 76=80

(A) The total wave functions are expressible in the form

T =AY 7T)= T (7.1)

i

where || describes the o) 4 electrons and :if describes the
sigma electrons, each of'T“'and .. being antisymmetric with
respect to interchange of its eleutronq.

(B) The functions Ei and 7~rare well-behaved and normalized,

(C) There is a complete orthonormal set of one-electron wave
functions o3, G5, seee; T7, TT2.0. Such that 2 can be ex-
panded in terms of Slater determinants built from the oand |Vcan
be expanded in terms of Slater determinants built frem the 7t ,
And secondly, in addition, the function 35, must be the same for all the molect:!'-
states of interest,

If one is willing to accept this model (More will be said about "models'
below), the operators Hgore are well-defined, and it is all right to use the
variational principle to determine best pi-electron functions in the manner we
have empioyed. The operator H,nne Of course depends upon the precise form of 7, :
whether we know the latter is immaterial for tiie justification of our method.

Indeed as lMcWeeny first pointed out, 78,79 this very ignorance of the
form of , is Justlflcatlon for another feature to the method, the use of
erpirical corc integrals, especially B.qre. AN empirical valu» may for very
fundamental rcasons be better than a theoretical one, since we could never be
sure we had the right form of 7 in a purely theoretical calculation,

The zero differential overlap matter is morc a matter of the arithmets-
This has been considered by several authors, although a complete discussion ha-
nnt yet been given by anyone, McWeeny:s comments seem most clcar to me; “1 but
Hall's, 82 Lswdin! s, 83 and Mulliken's,}g remar¥s also may be of he.p, and those cf
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Fumi ahd Parr.32 It just so happens, it appecars, that one can essentially dupli-
cate the results of doing a complete calculation with localized orthocnormalized
atomic orbitels by using the zero differential overlap approximition, Actual
calculations by the former method show that exchange and hybrid integrals in-
volving orthogonalized orbitals of this kind are very small indeed and the coulomb
integrals have just about the same values as for the non-orthogonalized original
orbitals., So that is all there is to it! L8wdin has reservations about the
heteropolar case, about which I will say a little more later,

I should also comment on the atoms-in-molecules aspects ¢f this method.,
As we have seen, Pariser ultimately did quite without atomic data, but the
rationalization of his numerical values still lies I think in their directicn,
Recent werk of Arai L should be a useful guide in further study of this question,
The fact, that the theory with atoms-in-molecules covrections gives the lMulliken
formula for atomic electronegativity,<® seems to me Lo be a strong indication
that Moffitt's basic idea is sound and must be incorporated in any theory of the
typz that aims to be at all "pictorial" for chemists,

This is not to say that all is finished or all is well. Howewsr, in
195, Moffitt commented:85

What is most urgently needed is an approrimate, though
reliable, method of determining the best molecular orbitals,
and of assessing configurational intoraction quantitatively
for relatively large systems, And it appears that this must
stem from the fundamental equations of the method of atoms

in molccules rather than from those of antisymmetrized
molecular oroital theory. A sct of simplifications must be
chosen judiciously so as to render these equations more tract-
ahle == and in this connection the work of Pople may provide
valuable clues. The work of Pariser and Parr is an important
step in this direction. It grafts certain features of
Kimball's hard sphere approximation cnto the conventional
ASO formalism, The solution of problems is thereby greatly
facilitated. Unfortunately it was found necessary te ro-
rlace some terms b’ semi-<mpirical parametars, and this
serves to obscure somcwhat the underlying basis of their
approach,

And in 1956, in speaking of thesc same mattcrs, McWeeny sats:

The simple theory appears to be batter foundad, in 2
heuristic sense, than when first advanced.

So at least we scem to me moving in the right dircctionl

R
§3. THE THZORY OF SEPARATSD ELECTRON PAIRS 7

The above auoted "separability thcorem" for sigma and pi electrons
was a lot of fin ¢o5 prove, and it led us to more gen ral considerations with
other quite different applications. Here I eh-1l restrict mysclf to discuss’iy
of one ctner special rase,J7 but it will perhaps te clear how the gencralizatiss
an ba madc.B80 A similar discussion has been given by Hurely, Lonnard-Jones arndl
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Pople, Thosc authors however apparently did not have actual c2lculavions in
mind, while we shall definitely be corcerned with numerical calculations,

Tho following thrce conditions may be taken as defining a c.ve of
separated electron pairs:

(A) The total wave function 'L has the form
= (U ee(hy ) = LA AL T, (8.1)

where (/L ) is an antisyrmetric two-elcctron wave function describing pair A,
(A_ ) an antisymmetric function describing pair B, and so on, and is com-
ple%ely antisymmetric; the parentheses here thus incdicate appropriate normalized
antisymmectrization operators,

(B) Each of the J\I is nermalized:
' X
JTAr 2 A, 29ama =1, (8.2)

(C) There is somc complcte orthonormal sct of spinorbitals xal’ A i
: A2?
xbl:>\b2:"5 Acls AC?,..; « o« o« Such that.le can be cxpressed linearly in
terms of Slater éeterminants built from the ia, "p can be expressed in terms of
determinants built from the )y, and so on.
As a consequence of these conditions one has a number of results, The

total wave function J\ is normalized. Also, certain orthogonality conditions
are satisfied:

A »
\y\JbI (1,2).J1J(1,L)d7] =0 for I # J, (8.3)

J‘J N x{l,Z).AJ(l,Z)d'r]drz =0 for I #J. (8.4)

(These two equations at first sight scem quivalent, but they ~re nnt; the sccord
follows from the first but the first does not follow from the sccond. Indced, i.
would be of considerable interest to devclop the whole theory for the case for
which 2.4 holds but not 8.3. We could then 81y we have almost s:paratzd electror

airs, and cven talk of "almost separabilities of various orders, derending on
Liow ma?y spinorbitals two pair descriptions have in common -=- seec Condition C
above,

Making definitions as indicated, one can dorive the follow!ne formulas
for a casc of scparated electron pairs, Note that E here is the <1 .:ctronic
energy; tc get thnc total energy onc must add the nuclear repulsion CLergy

2n ‘ 12n .
Ho1(1,2,0.,20) = §7 H(E) « (/)T (e2/r ) (8.5
5-1 & o

(S s U5 ) ¢ T(G) (e ¢
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’l < .'/ . . . o
Fi = ZIII + (1/2) Z‘IZ’Jﬂ(JIJ - K1) (additive partition) (8.7)

/
ZIEI - (1/2) ZI ZJ:.I(JIJ - KIJ) (subtractive partitior) (8.8)

= ZIEI (median partition) (8.9)
Bp = 11 +2 5101y - K1) (3.10)
E; s (1/2) (Er + Ip) (&,11)

Jig s b UI*(l,z) Ly (3,6)(e2/r13) N1(1,2) A (3,0)d T d Tod Tod Ty (9.12)

k1 = 4 [ A7 WA (3,00 (e2/ry5) (3,2 A1,0d T4 2d Thd Ty (8.13)
N, . 1 o

I; = s (1,2)H°(2,2) A (1.2)aTd 75 (8.14)

HY(1,2) = Hy(1) + Hy(2) + (e2/ra) (8.15)

These equations are of a familiar form; the J;; are generalized coulomb integrals,
the K1y are generalized exchenge integrals, xmc'{ the Iy are generalized core
integrals -- Iy is the energy pair I would have in the state ’\I if the other
pairs were absent,

It is important that one does not have equality between self-coulomb
and self-exchanie integrals in this case, that is

JII 3. KII. (Rolé)

This means that if one attempts to write out a generalized Hartree-Fock set of
euvations one will get stuck at the stage wilen one wants to make the self-
consistent operator the same for all pair functions. One cannot replace the primed
summations in 8,7 and 8.8 by unprimed summations,

Another self-consistent procedure seem better, To get this, we recast
the energy in still another form, to focus attention let us say on pair K:

el )
By =E K (2.17)

DI (/2 oL (I K ) (2.18)
AKX Tyx 13K X, 1 Y 1Y
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This quantity Q:rK , you will note, is independent of J\K. Further, the pair K

energy B, can be written in the following form:
By = ff-/l;(l,Z)HK(I,Z)J‘LK(l,Z).dT‘,d’l'z (2,19)
'“x(l-?-),_' H2(1,2) « GJL_' (1,2) + (e2/ry2) (8,20)
= Hp (1) + Hy _(2) + (e?/r12) (2,21)
Hy (1) = HyQ) + 3 Q) (8.22)
Gy 1) = hg(1) - Ky (1) I{E,'KGI(l) (8.23)
(1) = E:‘KJI(l) , Kpg(1) = %le(l) (8.24)

3F) & [ AT3,8) ((2/r13) + (e2/r)] A L(3,0410T 5d T (8.25)

AW & [T G (/) 03 + (/) LODMW [ aTaa T

Thus we have a perfectly well-defined operator Hx(l,z) describing the problem of
determining the pair K function; if we chcose to assume the rest of the molecule
fixed, we can apply the variation method quite legitimately to this two-electron
problem, Or, we can iterste: assumed all but pair K fixed, adjust pair K; take
this and all of the rest of the pairs but one, say L, fixed and adjust pair L,
and so on, until the best separated electron pair description of the given sysZem
is obtained, We have successfully used this method in numerical calculations, >
as will be described in the next section,

In carrying out. such a determination of a total wave function _AL we must
be careful not to violate the separability conditions A, B and C. In practice we
ordinarily assume this by fixing the basic set of functions and their partitioning.

To illustrate all of this and t.o anticipate a little the actual calculae
tions to bs reported in the next sestion, I shall now indicate how we proceed to
find the best orbital description of a system of separated electron pair bords.

By this we mean the best description such that the bond I function is describable
in terms of the two atomic orbitals Y1, and X, with the orbitale for separate
pairs orthogonal. Restricting the discussion to the case of all singlet functions
we thus have for bond K, say, the variation function

A TR AT R (8.27)
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whers (compare §5)

-§K1 . (’sz}(i)’ 6 ) '5% [(éKtsz) * (’SKlzm)]: §K3 = (ﬁgxz*z](z)
(8.28)
with

(K ¥Xon), Bow L (N Hi) (8.29)
1% i 8 e e T s e T

The Hamiltonian operator hac the form of 8.20 to 8.26 in which we can show now, by
straightforward application of Slater-Condon rules, that

_ 2 1 2 N 2 1 2 _
G = (AII + ;Alz )(2J11 = K11) v (A7, + EAIZ )(2J22 K22)

W2 Ay (g, + Ap) (2012 = Kiz) (8.30)

in which the one-electron coulomb and exchange operators are defined by equations
as follows:

5, VL) 5§ X@N(2)(/ri2)b1)aTa (8.31)
Ky (DAL 5 [ X (2R)(e3/r12) (1T (8.32)

@n 8,30, instead of writing full indices, we have written only the index labeling
the molecular orbital.) This equation for Gy you will note is "spin-free" (which
the general G, of 8,23 is not) and exact within the stated defining character-
istics of the model, It could be used in purely theoretical calculations in
complicated cases,

However, our interest we can characterize as '"semi-theoretical" at the
moment ; we would like to explore approximate treatments of these cjuations in the
first run, so to spcak. To this end, let us immediately make the simplifying
Mulliken approximation

2Jab = Sab(Jaa + Jbb) (‘3033)

and the generalized Mulliken approximation (for use only in calculation of inter-
bond effects)

2Gap = Sap(G,, *+ Gy)s (8.34)

where the operatosrs now are defined over atamic orbitals (subscripts K or I
suppressed). Then the above 8,30 simplifies all the way the very convenient
form

Gy = (Gaa + Gpp) + QI(Gaa - be) (8,35)
where
QI EJ—Y{:%Q— AIZ(A'II + AI3> (8036)

This will be of basic imprrtance in our subsequent discussion,
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Returning now to the linear variational prcblem of determing be best
rair K function of the form 8,27, using 8.33 and 8,34 the matrix elements for
the problem reduce to the following forus: (suverscripts or subscripts K
guppressed)

Hyp = o ¢ oy + 21-8)8 + WU ¥, + X * 27)

Hpy=Hqy = =28 + %(1—32)'5 (Y., + }/bb -2Y)

Hay-Hyq = ~LB (8,37)
Hiz = oy = [20-52)] 3 [(o5 = @) + H ¥,y - %))

His = K1) Z(YVag + Yop = 2 Vap)

Here the ‘X'a are the previously defined electronic repulsion integrals over the
pair K orbitals; the a's and B are core integrals involving HJ\-K’ viz:

Gy 8 gy = | X (DH 4 _p(1) ¥, (1)av(1) (7.38)
~ ONKa * %K{( 5 kala * Skam) * % a1 ~Dkara)
A | (R.39)
@y = aygp * %K[(S Kbla * fxb;[b) ¥ QI(S‘KbIa ’berbﬁ
s = J i (DHLD) Xy (Dav(L) (8.40)

(aNKb similarly)

bt = + (1877 | 7,2 W) X W) » (X i) X (av(n)

v

"S(G.NK& *+ aN‘Kb)} (R.Ll»l)
qu s (ppla7) - (pq|pa) (8.42)

The equation 8.41 is especially interesting; it shows that the quantity 8 is inde-
pendent of the presence of and the polarity of the other bonds tnan bond K -~ it
is very insensitive to its environment,

One now needs only numerical values in order to solve the f#ecular
problem for pair X, and one can then iterate for the other pairs,
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Certain implicaf.ions can now be noted regarding electronegativity.
Recalling our previous arzument that the electronegativity difference is essen-
tially H,» and looking at 8,39, we sce that now some new terms cnter which bring
in the effcots of the sther bond polarities. In fact, onec finds, in place of the
previous 5,30, the result:

1 - r
ka = 7 (TKa * Aka) * Pa * ?JKQI(DIaKa = S bKa)s (8:43)

and similarly for yi . Since the pair K moment comes out essentially proportional
to ¥a~Yys We sce thag the pair I moments enter in tne

pair K moments linearly with coefficients which are electronic repulsion *nt~grals.
This mey be thought of as a quantitative evaluation of dipeocle-dipole inductive
effccts between bonds.,

It is intercsting to carry the analysis of total energy further, adding
to ths electronic energy in the form 8,9 the nuclear-nucloar repulsion energy,
This can be done in a way which makes the total energy a sum ol individual bond
enerzies, Furthermore, under certain naturzl assumptions the individual bond
energies turn out to be environment-indepandent, as we wouid c¢xpect,

§9. SIGMA-PI INTERACTION EFF=CTS
IN THE FORMALDEHYDE MOLECULE

Park565 has carried out some extensive calculations on the formaldehyde
molecule which well illustrate what can be done with the sort of techniques I
have just described,

Tha conventional description of this molecule, as sketched, involves
an assumed "separavility" of the various electron pairs. What Parks has done
is to put such a description into precise quantum-mecharical terms, and to test.
it numerically, L

) l‘)uf J [—! /
P ( .

o Cfaenin "-"" P‘AH’
4

- P |u\c P’»"o' (N)
|
Bv‘jm& ‘MA(‘ (2 )
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\
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/
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Netails of Parks' work I will not give here., What he did was to assume
a fixed "core' in the field of which the pi-electrons,the sigmas electrons in the
CO bond and the pi lone pair electrons move, described respectively by anti-
symmetric wave functions T, 2, N and collectively by totally antisymnetric wave
furctions of the type (7T N), If the wave functions [T are built from pi AO's
2p7TT, and 2p 7T, the wave functions ¥ from Sigma AC's 2pg, (an sp2 hytrid) and
2pr, (rpure p), and the wave functions N from a pl A0 2px,, appropriate conditions
cf separability are satisfied so that one pair at a time may be treated, in the
manner I have des:ribed absve, Various integrals over the basic crbitals are
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needed, as are varinus properties of the "csre' assumed for the problem. But once
these are known a best wave function of the type (¥ TTN) can be constructed for
each of several molecular states of interest, and the effects of reorganization in

one part of electronic excitation or ionization in another part can be assess2d,

The several integrals are not known a prieri, so one must proceed in part
semi-empirically. This is what Parks did. The most important integrals he
employed in one of his calculations are given in Table IX, with an indication
of how he obtained them; results for various molecular properties and reorganiza-

tion effects are given in Table X,

The actual manner in which Parks carried out these calculations was of
necessity complicated -- it is easier to write out the various properties in
terms of the basic integrals than to determine the integrals from the properties,
which he had to do! But once the work has been done, the parameters may be used as
basis for calculations on other molecules, Ardl myself consider it quite impor-
tant to test very fully the possibility of semi-quantitative calculations at the
level of complexity represented by the chemists’ qualitative orbital notions.

The recorganization effects, you will observe, are quite small.



TARLE IX. Formaldehyde: basic integrals (Caldulations 3) .2

b

Integral

Source

One-center electronic repulsions
-11.42 ev

-14.68
10,842
11.217
10.164

1.231

-17.32

-15,06

-1L,67L
12.865

0.903

Two-center electronic repulsions

8,6356
12.8317
8.2782
9.8658
8.63L8
0,129
0,109
0,038

Core integrals
-53.1147
-70.4262
~3,0214
-62.625
-T1.7238
~3.252

Cttaired frem atomic
snectraiscopic data --
Siater—-Uonden treaitment

Obtained by systematic
slight downward adjustment

of purely theoretical values

calculated for Slater
orbitals

Abtained by empirical
fitting of eix experi-
mental data as indicated
in Table X

8por details, see reference 65,

b”Calculation 3" is cnly one of several calculatinns carried cut

in reference 65.
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TAETE X, Formaldehyde: results (Calculation 3,.8
. d
State? QT; Qo? Lrergy (ev)
~le =-0.297 0.0L3 O.CC(;&= 2.3LD)%*
3 nwd) =0.37) 0.049 L. 2L
~0.261, ~0,308 3.90(3.C2)
L () -0.3¢% 0.0L9 L. 55
~0.350 -0.258 L 234, 26)%
Viilmre) ~0.297 -0.160 7.15
_'Oo 36? -OOISL 7;0(7010) (g
Ll ~mw) =046 0.0L9 8.03
=l 0.172 8.00(8,00)
2 ") -0, 566 0.0L9 11.11
-0.521 0,274 10.83(10,82)
2 a) +
(7)) -0,342 0.C49 12.20
-0.328 ~0.0L2 12.18
2 UH ~0,297 0,262 12 23
-0.441 -0.095 13 10(13.10)*

a. The [irst and second rows in each case give the results
before and after reo~sarization cf the rest of the electrons

to the indicated cxc..

b, In nrder these states are:

ce Negative

ion or ioniziticn

ground state, triplet sts-e
arising from excitatio: of a lone pair e’ eciron to an anti-
bonding pi orbital ir. the CO bond, singiet state arising from
the same e xcitation, singlet state arising frem excitation of
a lcne pair elect-on to an anti~bonaing <1gma crbita) in the
CC bond, singlet state from excitation of a pi electron from
a bonding ‘o an anti-bonding orbital in the CO bond, a-d
ionized states resulting from ionization of a lone pair
electron, a pl electron in the CC bond, and a sipgma electren
in the CO bend,

urit Q means cne unit e of negative charge on the

oxygen atom; Q4 gives the distribution of charge in the pi

part of the CO bond

d, % indicates data used for calitration,
are in parentheses,

that in the gigma part,

Experimental values
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§X. CONCLUSIONS: THE PRESENT STATUS AND FUTUKE DEVELOPMENT
OF THE UANTUM THECRY OF VALENCE

My roint of view en how research should be presecuted in the quantum
theory of va'.ence by now should be amply evident -~ in brief, I advecate a many-
sided attack. Nevertheless it may be of interest to give a more detailed break-
down of my general philesophy, which I shall try to do now,

Some general principles

Coiicerning purely theoretical calculations:

(1) These cannot and should not be denied; they will serve more and more as the
guide for all workers in the field.

(2) As purely theoretical methods develop, new methods will be developed for their
interpretation,

(3) The electronic ccmputer is indispensable, -
Concerning semi-empirical calculations:

(4) These cannot and should not be denied; for eomplicated molecules they will
always be the way,

(5) These should be patterned after the purely theoretical methods but with the
simple theories of the chemist as a guide too, One is seeking precise ways of
getting approximate results of estimable error,

(6) These should be made usuable for more aixi more people; there is no place {.c
elegance for elegance's sake,

(7) The electronic computer is indispensable,
General:

(8) Optimism should prevail, One should accentuate the positive, and cynics
should go elsewhere,

(9) The problem of molecular properties is a problem of numbers, not of words., Seo
beward of arguments which transform equations without solving them,

(10) One should be patient; all of the consecuences of Newton's laws were not
obtained in a matter of decades] (A remark made by Professor Mulliken to me a few

years ago.)

Some working rules

In purely theoretical calculations:

(1) One should treat more and more cases with very accurate methods (to remove all
ambiguities and all doubts),

(2) One should treat various simplified mmdels accurately (to establish reasonable
approximate methods),
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(3) One should be on the lookout for new basic functions (to improve the conver-
gence and ease of calculations).

(L) One should work to make the calculations more and more fully automatic (to free
the chemists and physicists for the jobs of basic interpretation and application),

In the semi-~empirical calculations:

(5) One should keep a close watch on purely-theoretical developments (to enable one
to incorporate their most essential features at each stage).

(6) One should carry out both semi-empirical calculations and purely-theoretical
calculations where possible on the same molecules or molecular properties (to get
a true test of the validity of the semi-empirical methcis),

(7) One should try to incorporate in some proper way into molecular theories the
vast data of atomic spectra and other properties (to explore fully thls ramifica-
tion of the old chemlsts' notion that the properties of molecules can be described
in terms of the pro,arties of atoms).

(8) 2ne should try to translate the best of the orsanic chemists' notions into
quantum-mechanical equations (to properly put such notions to quantitative test),

(9) One should try to incorporate more and mere properties in semi-empirical
theoriks, for more and more molecules,

(10) One should remain on the lookout for ways to simplify the mathematics (to make
problams tractable),

Tllustrations

I would argue that the most important papers in the current literature
obey the above 'rules'.

The papers of Boys beautifully illustrate rules (1) .nd (h),3 and he has
stated very clearly the case for the electronic computer.

Rule (2) represents just what everyone has been doing for ycars. There
is a healthy new emphasis rightly coming here, however, on the frank stating of all
peetulates, in precise guantum-mechanical tcrms for all to sce,

Rule (3) does not guarantee progress -- one must depend onnghe stochastic
method] A recent promising paper of Harris providcs a good example,

No comment is required on Rules (5) and (6}, which are sclf-evident,

22;2

Rule (7) was of course the impetus for Moffitt's important work. »23

But this in my opinion was only a beginnins: %rai and Hurley have carried the
argument further in very recent papcrs.gh’ 0-9

e

To illustrate (8) one could point to papers such as those cf Taft as
providing the challenge.93 And as for (9), you all know how much infermation in
need of interpretatisn is being accumulated through nuclear and electronic
resonance spectroscopy.
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Finally, let me elaborate a 1ittle or Rule {10) 2nd what it means to me,
There are many examples of where dlever persons have made clever appr amations
to make a partisdular calculation tractable, and such devices are ard will rcmain
useful. But there is a greater hope which we, as optimishts, may have,
Schrédinger's mechanics would serve our purposes exactly, but we find it difficult
to carry through the mathematics. To obtain the accuracy Wwe need, which is not
the ultimate, why do we not seck another, more workable, a "pscudo-classical',

postulatory basis?

Thank you very much, and good luck!

Acknow'ledgment: These lectures were nresented under the auspices of an Cffice
of Navel Research contract with the University of Chicago. With pleasure I
thark ONR, and Professor Mulliken, for making possible my very enjoyable stay
in Chicage,
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